Introduction
The Rel/NF-kB transcription factor family includes proteins structurally related through an amino terminal region, the Rel Homology Domain. This region is largely responsible for several properties of the proteins, including homo-and heterodimer formation, DNA binding, and interaction with a family of inhibitor proteins. All members of the Rel/NF-kB family have been implicated in the regulation of transcription by virtue of their interaction with the kB enhancer, a potent cis-regulatory sequence present in many inducible cellular and viral genes. Active NFkB transcription complexes are homo-and heterodimers consisting of one or two members of the Rel/ NF-kB family, which includes NF-kB1, NF-kB2, RelA, RelB and c-Rel (Grilli et al., 1993; Siebenlist et al., 1994) . The activity of NF-kB complexes is regulated by a second family of proteins, the IkB family (Beg and Baldwin, 1993; Verma et al., 1995) .
The target genes for Rel/NF-kB regulation are numerous, and are, for the most part, involved in cellular growth and immunoregulatory processes (Grilli et al., 1993; Baeuerle and Baltimore, 1996) . Alterations in several members of the family have been associated with hematopoietic malignancies. Thus, the genes encoding c-Rel, RelA, NF-kB1, NF-kB2 and Bcl-3 are located at sites of genomic rearrangements in certain human cancers (Lu et al., 1991; Neri et al., 1991; Liptay et al., 1992; Ohno et al., 1993) . Targeted disruption of c-rel, relb, and nfkb1 leads to multiple functional defects in the immune system (Kontgen et al., 1995; Sha et al., 1995; Weih et al., 1995) , while the disruption of rela and ikba results in embryonic or neonatal lethality (Beg et al., 1995; Klement et al., 1996) .
Given the role that Rel/NF-kB proteins play in normal and oncogenic processes, it is critical to understand the mechanism by which altered Rel expression generates the leukemic phenotype. v-Rel, a mutated homologue of c-Rel, remains the most carefully studied Rel/NF-kB family member with respect to its oncogenic potential. Isolated as the oncogene within the avian retrovirus, REV-T, v-Rel induces a rapidly fatal hematopoietic malignancy in birds and transforms ®broblasts, splenic cultures and bone marrow hematopoietic progenitor cells in vitro (Bose, 1992) . Previous studies revealed that v-Rel forms protein complexes with other Rel/NF-kB proteins and binds to NF-kB motifs in vitro . While early works suggested that v-Rel acts as a dominant negative mutant of c-Rel (Gilmore, 1990; Bose, 1992) , recent data indicate that transformation by v-Rel results from its capacity to positively or negatively alter expression of genes important for hematopoietic cell growth and dierentiation (Baeuerle and Baltimore, 1996; Gilmore et al., 1996) .
To more fully understand the mechanism of v-Rel transformation, we investigated the transcriptional changes induced in hematopoietic cells transformed by a conditional form of v-Rel. Fusion of v-Rel to the hormone-binding domain of human estrogen receptor (v-RelER, Boehmelt et al., 1992) resulted in the creation of a chimeric protein whose biological and biochemical properties were inducible and indistinguishable from wild-type v-Rel. Utilizing subtractive cDNA libraries derived from v-RelER-transformed hematopoietic cells grown in the presence or absence of estrogen, we identi®ed several dierent sequences whose expression was altered upon hormone activation of v-RelER. These include two genes related to the MIP-1 chemokine family (mip-1b and a tca3 homologue), a cell surface antigen sca-2, and the transcription factor nfkb1. The expression of each of these genes was assayed in a number of wild-type and mutant vRel-expressing ®broblast and hematopoietic cells. All v-Rel-transformed hematopoietic cells tested expressed high levels of nfkb1 and sca-2. In ®broblasts, wild-type v-Rel induced expression of mip-1b and nfkb1, while nontransforming mutants of v-Rel failed to do so, suggesting a role for these two genes in v-Rel-mediated transformation. Finally, these genes are expressed at high levels in cells overexpressing wild-type and truncated forms of c-Rel, implying that v-Rel transforms, in part, by induction of c-Rel target genes.
Results

Analysis of subtraction cDNA libraries
To understand the changes in gene expression that accompany transformation by v-Rel, we sought to identify genes whose levels change upon hormone activation of v-RelER. This was accomplished by the construction of subtractive cDNA libraries from estrogen-induced v-RelER cells and from the cells withdrawn from estrogen (see Materials and methods). Hybridization and sequence analysis of the clones isolated from the subtraction libraries permitted the identi®cation of twelve dierent cDNAs. The determined sequences of clones 59 (IkBa), 256 (NF-kB1) and 393 (CAP-23) were identical to the corresponding sequences of chicken cDNAs. The resolved sequence of clone 220 exhibited 80% homology with the Drosophila actin-related protein. Other identi®ed genes revealed high level homology with the corresponding mammalian sequences. Table 1 summarizes the clones identi®ed and the size of the corresponding mRNA transcripts.
One group of genes, present at 3 ± 10-fold higher levels in estrogen-stimulated v-RelER cells, included the two putative cytokines, Macrophage In¯ammatory protein 1b (MIP-1b, clone 4), and a homologue of TCA 3 (hereafter referred to as cTCA, chicken T cell activation protein, clone 391); clone 44, ornitine decarboxylase antizyme (ODC-Az), a key regulator of ornitine decarboxylase which is constitutively activated in various transformed cells (Auvinen et al., 1992) ; clone 59, IkBa; clone 71, a member of the STAT family of signal transducers and activators of transcription, Stat1; clone 80, a chicken homologue of the mammalian Stem Cell Antigen-2 (Sca-2); clone 214, a regulatory subunit of protein phosphatase 2A (PP2A); clone 220, a homologue of the maternally loaded Drosophila embryo actin-related protein (ARP) that plays a role in early embryogenesis (Frankel et al., 1994) ; NF-kB1, the Rel/NF-kB family member; CAP-23, a cortical cytoskeleton-associated protein found in developing neural tissues (Widmer and Caroni, 1990) .
Of the clones that were reproducibly more abundant in the v-RelER cells withdrawn from estrogen, we were able to identify two dierent sequences. These genes encode translation initiation factor-2a (eIF-2a), which promotes binding of initiator tRNAs to 40S ribosomal subunits (Ernst et al., 1987) , and nucleosome assembly protein-1 (NAP-1) involved in transcription factor binding and nucleosome displacement (Walter et al., 1995) .
Expression of dierentially regulated genes in v-RelER cells
The dierential expression of identi®ed genes in vRelER cells was con®rmed by Northern blot analysis of mRNAs prepared from cells grown in the presence or absence of estrogen. Because nfkb1 was isolated in this screen as a potential v-Rel-regulated gene, the expression of other Rel/NF-kB family members was also examined, including c-rel, rela, relb and nfkb2. In addition, we examined the expression of a gene which decreases during hematopoietic cell dierentiation, cmyb (Graf, 1992) . One class of genes, including ctca, mip-1b, stat1, nfkb1 and nfkb2, was expressed in vRelER cells grown in the presence of estrogen, and signi®cantly downregulated within 1 day of estrogen withdrawal (see Figure 1) . The expression of a second class of genes, typi®ed by cap-23, sca-2, ikba and crel, decreased less dramatically upon estrogen withdrawal, suggesting that additional factors are involved in their regulation. Two other Rel family members, rela and relb, were expressed below the level of detection in v-RelER cells (data not shown). The expression of three genes, eif-2a, nap-1, and c-myb, increased upon withdrawal of v-RelER cells from estrogen. c-Myb, a sequence-speci®c DNA-binding protein, is thought to regulate genes whose expression is incompatible with cellular dierentiation as re¯ected in its expression pattern and biological properties (Graf, 1992) . Surprisingly, we found that c-myb mRNA increased upon estrogen withdrawal, conditions under which v-RelER cells begin to dierentiate into dendritic and neutrophilic cells (Boehmelt et al., 1995) .
Transcriptional induction of rel-regulated genes
To further investigate the possibility that genes isolated in this screen are under transcriptional control by vRel, the v-RelER cells maintained without estrogen for 3 days were estrogen-induced for various periods of time. Subsequently, expression of the corresponding mRNAs was analysed. While not dividing, v-RelER bone marrow cells withdrawn from estrogen were metabolically active, as judged by their ability to revert phenotypically upon the readdition of estrogen and by expression of b-actin, GAPDH, vimentin, MHC class II mRNAs at levels equivalent to hormone induced cells (data not shown). Expression levels were classi®ed into four groups as follows: +++, 0.2 ± 0.4% of total mRNA, strong expression; ++, 0.04 ± 0.1%, moderate expression; +, 0.02% and less, weak expression; 7, no detectable expression
As expected from the results described above, mip-1b, ctca and nfkb1 expression was restored within 4 h of estrogen addition (see Figure 2) . Similar results were obtained with nfkb2. These data are consistent with the time course of activation observed in our previous work on the localization and DNA binding properties of estrogen-stimulated v-RelER . A more complicated picture was observed for the induction of sca-2 mRNA. Although expression of sca-2 was dependent on estrogen activated v-RelER, its levels were less responsive to estrogen activation, demonstrating a delayed kinetics of activation. Other examined genes, including arp, cap-23, pp2A and stat1, were not rapidly induced by hormone, indicating that they were not directly regulated by v-RelER (data not shown).
Expression patterns of rel-regulated genes
To exclude the possibility that the expression of the isolated genes re¯ected a general transformed state, not v-Rel transformation, the expression patterns were analysed in hematopoietic cells transformed by various oncogenes. In addition to genes rapidly induced by hormone, ikba and three other genes, crel, c-myb and stat-1, encoding transcription factors whose expression was altered in v-RelER cells were included in this analysis (see Table 2 ). Two genes downregulated in estrogen activated v-RelER cells, eif-2a and nap-1, were found at similar levels in most lines tested, including v-Rel-transformed NPB4 cells. Mip-1b, c-rel and c-myb, were expressed at elevated levels in v-Ski-transformed cells. Other examined genes, including ctca, nfkb1, nfkb2, stat1, sca-2 and ikba, were found at higher levels in NPB4 cells, pointing to their potential role in v-Rel-mediated transformation. No evidence for lineage-speci®c expression of these genes could be observed. Instead, v-Ski-transformed precursors for the erythroid and myeloid lineages displayed elevated levels of several of the same genes as v-Rel-transformed lymphoid cells (see Table 2 ), which may be due to the elevated levels of c-Rel in v-Ski cells.
Previous studies established that the target cell for vRel transformation depends on the virus complex used for infection. It has been reported that v-Rel transforms mature IgM-positive B lymphocytes, an IgMnegative cell within the T cell or myeloid lineages, or a cell expressing markers of the myeloid and B cell lineages (Barth and Humphries, 1988; Barth et al., 1990; Morrison et al., 1991) . To provide evidence for a correlation between expression of these genes and vRel transformation, we assayed gene expression in a variety of v-Rel-transformed cells derived from dierent hematopoietic lineages. As can be seen from Table 3 , which summarizes this analysis, some variations in the expression levels were found, particularly with mip-1b and ctca. Thus, ctca was expressed in 8 out of 10 cell lines at variable levels, while mip-1b was found in most lines at low levels. Two other genes, c-myb and nfkb2, were expressed at low levels in most tested cells (data not shown). In contrast, nfkb1, stat1, ikba and sca-2 were found at elevated levels in almost all cells tested, suggesting that overexpression of these genes is characteristic of v-Relinduced phenotype.
These experiments also allowed us to compare the ability of v-Rel and overexpressed or truncated c-Rel to induce altered gene expression. Two hematopoietic cell lines, B-1 and 189/5, were examined which contain both wild-type and carboxy terminal truncated forms of c-Rel (Hrdlickova et al., 1994) . Each cell line expresses high levels of all genes tested (see Table 3 ). Because B-1 cells contain high levels of both wild-type and truncated form of c-Rel, it is not clear if transcriptional activation and transformation in these cells result from wild-type or mutant c-Rel activity. In contrast, 189/5 cells contain low levels of wild-type c-Rel and high levels of carboxy terminal truncated form of c-Rel, suggesting that altered gene expression results from the truncated version of cRel. 
Induction of gene expression by carboxy terminal mutants of v-rel
Examination of the biological properties of v-Rel mutants has shown that transformation required sequences within the amino terminal Rel Homology Domain. Small carboxy terminal deletions have a marginal eect on the transforming properties of the protein (Sarkar and Gilmore, 1993; Smardova et al., 1995) . In our previous studies, deletions approximately 100 bp in length were made throughout v-rel and mutant proteins were analysed in CEF and BM cells (see Materials and methods). All deletion mutants within the rel-homology domain (dl2-dl8) were transformation-defective, as none of them were able to bind to DNA. However, mutants which lie outside the rel-homology domain (dl1, dl12-17) retained the ability to bind to DNA, activate transcription of cellular genes, and transform ®broblasts and BM cells to dierent degrees (Morrison et al., 1992; Smardova et al., 1995) . Taking advantage of these mutants, we correlated gene expression with the transforming ability of v-rel. Bone marrow from 4 ± 10-day old chicks was infected with wild-type v-rel or carboxy terminal v-rel deletion mutants (dl12,13,15-17) and subsequently maintained in liquid culture. All cultures expanded to approximately 10 9 cells within several weeks. Analysis of gene expression showed that mip-1b, nfkb1 and stat1 were expressed in all cells tested, though some variations in expression levels were observed (see Figure 3 ). In contrast, most v-rel mutations resulted in low levels of ctca and sca-2 expression. In our previous work, decreased levels of two other Relregulated genes, MHC class I and HMG 14b, were observed in bone marrow cells infected with the carboxy terminal v-rel deletion mutants. Though it is possible that each deletion mutant transformed a dierent cell type, the phenotypic analysis of these cells suggested that this is not the case (Smardova et al., 1995) .
Expression of rel-regulated genes in CEFs
Wild-type v-Rel and estrogen-activated v-RelER confer characteristic growth properties and morphology on primary CEFs (Morrison et al., 1991; Boehmelt et al., 1992) . Because nontransforming mutants of v-rel do not promote growth of bone Initially, the inducibility of mip-1b, sca-2 and nfkb1 was tested in v-RelER ®broblasts maintained with or without estrogen. As can be seen in Figure 4 , all three mRNAs were expressed in v-RelER cells grown in the presence of estrogen. Fibroblasts overexpressing v-Rel and wild-type c-Rel were also analysed and found to express each of the tested genes (Figure 4a ). In contrast, ctca, nfkb2 and stat1 were not found in ®broblasts presumably because hematopoietic cellspeci®c factors are required for their expression (data not shown). Next, gene expression was examined in ®broblasts expressing transforming (v-rel, dl-1, dl-12, dl-15 and dl-16) or nontransforming mutants of v-rel (dl-2, dl-4, dl-6 and dl-8). As can be seen in Figure 4b , the expression of mip-1b and nfkb1 was evident only in cells producing wild-type v-rel, dl-1 mutant which lacks amino terminal viral env sequences, or carboxy terminal transforming v-rel mutants (dl12-dl16). Nontransforming mutants within the Rel Homology Domain (dl2-dl8) did not induce expression of these genes. Interestingly, while the expression of sca-2 was inducible in ®broblasts, it was only found in wild-type v-rel-transformed cells. All v-rel mutants failed to induce expression of this gene, re¯ecting the complexity of the protein structure and interactions required for full function of v-Rel.
Characterization of viral-transduced ®broblasts
To further investigate the role of MIP-1b and NFkB1 in cellular growth control, the eect of overexpression of these genes was studied in chicken ®broblasts. The corresponding cDNAs were subcloned into the retroviral vector pCRNCM, downstream of the CMV promoter. These constructs, together with c-rel and c-kit cDNAs used as controls, were introduced into chicken embryo ®broblasts. The recombinant viruses were subsequently produced by infecting the cells with the helper transformation-defective virus tdB77. CEFs infected with the recombinant viruses were selected in Geneticin and characterized on the RNA or protein levels. To coexpress the corresponding rel proteins, the cells were superinfected with either RCASv-Rel or RCASc-Rel (see Figure 5) . Analysis of the growth phenotypes revealed that the ®broblasts overexpressing nfkb1 maintained the growth properties characteristic of control pCRNCM-transduced CEFs. These cells reproducibly grew for 20 ± 25 passages as did control cells; after that they became vacuolated and died (see Table 4 ). In contrast, overexpression of mip-1b extended life the span of CEFs. In addition, the mip-1b ®broblasts eciently proliferated in low serum and displayed the ability to anchorage-independent growth in soft agar characteristic of transformed cells. Coexpression of v-rel in these cells further promoted their ability to form colonies in soft agar.
As reported earlier, overexpression of c-rel morphologically transforms CEFs (Abbadie et al., 1993; Kralova et al., 1994) . Although c-rel ®broblasts do not form colonies in soft agar, they do display characteristic disruption of cellular cytoskeleton and a remarkable extension of life span. Interestingly, CEFs overexpressing both c-rel and mip-1b retained the major growth properties of the c-rel ®broblasts. In addition, they eciently formed colonies in soft agar, revealing a fully transformed phenotype (see Table 4 ). In sharp contrast, coexpression of c-rel and v-rel in ®broblasts resulted in decreased cell growth, consistent with our previous study which showed that v-Rel and c-Rel interfere with the DNA binding properties of each other (Hodgson and Enrietto, 1995) .
Discussion
Most evidence available to date indicates that transformation by v-Rel results from its capacity to form homodimers, enter the nucleus, and bind DNA. RCASc-Rel. b Cells that grew for 20 ± 25 passages were in culture approximately 2 months. Cells that grew for 50 ± 60 passages were in culture for over 6 months activity (Gilmore, 1990; Bose, 1992) , more recent works point to a role for v-Rel in the transcriptional activation of a number of endogenous genes important for hematopoietic cell growth and dierentiation (Baeuerle and Baltimore, 1996; Gilmore et al., 1996) .
These studies and our previous work promoted us to develop a more complete picture of the genes whose expression might contribute to the v-Rel-induced leukemic phenotype. Taking advantage of the conditional Rel variant, subtraction cDNA libraries were constructed from v-RelER-transformed bone marrow cells grown in the presence or absence of estrogen. Examination of the expression patterns of the isolated genes suggested that several of them might be directly induced by v-Rel upon transformation.
Two Rel/NF-kB family members were upregulated in estrogen-stimulated v-RelER cells, nfkb1 and nfkb2. Activation of these two genes in lymphoid cells expressing either v-Rel or c-Rel was reported earlier (Hrdlickova et al., 1995) . Recent evidence suggests that heterodimers of NF-kB2/p52 with v-Rel can play a role in v-Rel-mediated transformation. Thus, heterodimers containing p52 and nontransforming mutants of v-Rel, that cannot form homodimers, can transform chicken spleen cells . In addition, coexpression of aberrant versions of p52 increases the oncogenicity of c-Rel proteins with carboxy terminal deletions . While our results demonstrate that the nfkb2 expression levels remained low in most examined cell lines, the expression of nfkb1 was high in all examined v-Rel-transformed hematopoietic cells and correlated with v-Rel transformation in mutant v-rel-infected cells. A number of studies indicate that NF-kB1/p105 plays a role of a cytoplasmic retention molecule for the Rel/NF-kB proteins (Beg and Baldwin, 1993; Grilli et al., 1993) . On the other hand, the processing of p105 may lead to dierent amounts of p50 homo-and heterodimers in the cell. While in v-Rel-transgenic mice, NF-kB1 is not required for transformation (Carasco et al., 1996) , previous studies have associated elevated levels of p50 with several lymphoid and non-lymphoid malignancies (Mukhopadhyay et al., 1995; Bargou et al., 1996) . NFkB1/p50 may contribute to oncogenesis by forming heterodimeric complexes with v-Rel, c-Rel, and p52, which function as potent transcription regulators (Siebenlist et al., 1994; Baldwin, 1996) . The cells expressing constitutively active NF-kB, such as B cells or HTLV-I-transformed T cells, contain primarily cRel/p50 heterodimers in their nuclei, while in transformed cells, v-Rel is predominantly complexed with p50 and IkBa (Liou et al., 1994; Miyamoto et al., 1994; Gilmore et al., 1996) . The prevalence of constitutively active v-Rel/p50 in these cells may explain the upregulation of NF-kB target genes such as cytokines and their receptors, MHC, and cell adhesion molecules. Thus, constitutive expression of nfkb1 induced by v-Rel may result in`constitutive' activation of the transformed cell.
Two isolated cDNAs, clones 4 and 391, revealed sequence homology with the family of chemoattractant cytokines. Clone 4 is a chicken homologue of the mammalian macrophage in¯ammatory protein-1 beta, while clone 391 is the homologue of the mouse T cell activation protein 3, a cytokine structurally related to MIP-1b and IL-8 (Burd et al., 1987) . Examination of the expression patterns of both cytokines revealed that most v-Rel-transformed hematopoietic cells, regardless of lineage, express mip-1b. Its expression also correlated with transformation when v-rel deletion mutants were examined in bone marrow cells and ®broblasts. In contrast, ctca was not expressed in vRel-transformed ®broblasts. In addition, its expression failed to correlate with transformation in bone marrow cells, suggesting that it is not required for the maintenance of v-Rel-mediated transformation. In summary, our data argue for a role for mip-1b in transformation by v-Rel and a direct role for v-Rel in its transcriptional regulation.
Previous studies showed that MIP-1b is a potent chemoattractant for monocytes and speci®c subpopulations of lymphocytes (Taub et al., 1995; Lloyd et al., 1996) . Speci®cally, MIP-1b stimulates T cell proliferation and induces actin polymerization and profound cytoskeletal changes in T cells within seconds of exposure (Adams et al., 1994) . It also exhibits growth regulatory properties for hematopoietic stem and progenitor cells, costimulating myelopoiesis and antagonizing the growth inhibitory activity of MIP-1a (Graham et al., 1990) . Our data indicate that overexpression of mip-1b in avian ®broblasts induces cellular transformation as measured by growth in soft agar and extended life span of the cells. However, in most examined v-Rel-transformed hematopoietic cell lines, mip-1b was expressed at low to moderate levels. Therefore, its relevance to the transforming process of v-Rel is yet to be demonstrated.
The role of the chicken Sca-2 homologue in transformation remains unclear, in part because its biological and biochemical properties are not well de®ned. Sca-2 expression failed to correlate with v-Rel transformation when v-rel deletion mutants were examined in ®broblast and hematopoietic cells. In addition, its Rel-inducibility was not clear in v-RelER cells. However, we found that infection of chicken lymphoid or erythroid cell lines with RCASv-Rel induces the expression of sca-2 (data not shown). These results imply that the regulation of sca-2 expression is complex and may involve factors other than v-Rel. Mammalian Sca-2 is normally present on a subset of immature thymic blasts and bone marrow cells that repopulate the thymus (Sprangrude et al., 1989) . Recent data suggest a role for Sca-2 in T cell activation and protection from TCR-mediated apoptosis (Saitoh et al., 1995; Noda et al., 1996) . Because sca-2 was found at high levels in all v-Rel-transformed hematopoietic cells we cannot exclude the possibility that it plays a role in the generation of v-Rel-induced phenotype.
Several v-Rel target genes have been described so far, including HMG-14b and MHC class I in bone marrow cells Walker and Enrietto, 1996) ; NF-kB1 and IkBa in ®broblasts and lymphoid lines (Hrdlickova et al., 1995; Schatzle et al., 1995) ; IL-2R, DM-GRASP, p75, MHC class I and II, identi®ed through introduction of v-rel into myc-transformed lymphoid cell lines (Hrdlickova et al., 1994; Zhang et al., 1995; Zhang and Humphries, 1996) . In contrast, MHC class I and IkBa were not upregulated in tumor cells from v-Rel-transgenic mice (Carrasco et al., 1996) . Our previous work showed that MHC class II was not regulated by v-Rel in transformed bone marrow cells (Walker and Enrietto, 1996) . While the subset of Rel-regulated genes may vary in dierent cell types, the data presented here indicate that v-Rel acts by stimulating the expression of a number of genes, some of which are regulated by c-Rel. These alterations may be the result of the direct action of v-Rel in regulation of genes such as mip-1b, inappropriate expression of which may potentiate growth of the transformed cell. Alternatively, v-Rel may act indirectly, altering the expression of genes through the upregulation of other transcription factors, such as NF-kB1. Most likely, development of the v-Rel-induced transformed phenotype is the sum of all these changes, each of which may have profound biological consequences on the target cell. For this reason, we are currently assessing the contribution of each of these genes to the transformed phenotype.
In the course of this work, we also examined the eect of overexpression of wild-type c-Rel on the genes identi®ed in this screen. Mip-1b, sca-2 and nfkb1 were all upregulated in c-Rel-overexpressing CEF, suggesting that genes normally controlled by cRel are targets for v-Rel regulation. Since both v-Rel and c-Rel overexpression result in morphological transformation of CEF, perhaps expression of this set of the genes is required to mediate ®broblast transformation. Two c-Rel-transformed spleen cell lines were also examined in this study and found to have elevated levels of nfkb1, sca-2, stat1, mip-1b and ctca. Because these cell lines also contain truncated forms of c-Rel (Hrdlickova et al., 1994) , it is not clear if transcriptional activation and transformation in both of them result from wild-type or mutant c-Rel activity. We previously reported that overexpression of wild-type c-Rel in bone marrow cells, which appear to be granulocytic in origin (unpublished observation), leads to cell death (Abbadie et al., 1993) . For this reason, it will be important to determine if the genes identi®ed in this study are upregulated in the granulocytic bone marrow target prior to the onset of cell death.
Materials and methods
Cells and tissue culture
CEFs expressing dierent viruses were prepared using the calcium-phosphate/DNA transfection method (Chen and Okayama, 1987) . Generation of v-Rel and v-RelER transformed bone marrow (BM) cells was previously described (Morrison et al., 1991; Boehmelt et al., 1992) . The origin of other cell lines is as follows: BM2, an immature myeloid cell line transformed by v-Myb (Moscovici et al., 1977) ; HD11, a myeloid cell line transformed by v-Myc (Leutz et al., 1984) ; HP50 and DT95, lymphoid cell lines derived from ALV induced tumors (Kabrun et al., 1990; Hrdlickova et al., 1994) ; v-Ski transformed precursors for the erythroid and myeloid lineages (Larsen et al., 1993) ; HD3 erythroblasts transformed by v-ErbA/ts-v-ErbB (Schmidt et al., 1986) 
v-rel deletion mutants
Generation and characterization of v-rel deletion mutants have been described previously (Morrison et al., 1992; Smardova et al., 1995) . Brie¯y, deletions approximately 100 bp in length were made by oligonucleotide-directed mutagenesis throughout v-rel. Each mutant was cloned into the RCAS vector for analysis in CEFs and BM cells. All deletion mutants between nucleotides 37 and 798 in vrel (dl2 ± dl8 in this study) were transformation defective. Mutants that lie outside this region retained the ability to transform ®broblasts and BM cells to dierent degrees (dl1, dl12 ± dl17).
Characterization of growth properties
The cDNAs encoding mip-1b, nfkb1, c-rel or c-kit, were subcloned into the pCRNCM retroviral vector (Metz et al., 1991) , downstream of the CMV promoter. The retroviral constructs were transfected into CEFs and selected in Geneticin. Recombinant viruses were produced by infecting the cells with tdB77 transformation-defective helper virus. The viruses were harvested after 4 days of cultivation. CEFs infected with the recombinant viruses were selected in Geneticin and characterized for the corresponding RNA or protein levels. Proliferation of ®broblasts was measured in DMEM supplemented with 1% bovine serum and 0.2% chicken serum by direct counting of trypsinized cells using Coulter counter. Proliferation related to tumorigenesis was examined in soft agar medium composed of DMEM, 6% fetal calf serum, 2% chicken serum, 16MEM vitamin solution, penicillin (100 u/ml), streptomycin (100 mg/ml), and nystatin (100 u/ml). Trypsinized cells were mixed with a 0.25% agar-medium solution to a concentration of 2610 5 cells/ml and 3 ml of each cell mixture was added to 60 mm Petri dishes prepared with an initial 3 ml underlay of 0.7% agar. Cells were grown for 14 ± 16 days in a humidi®ed incubator at 378C under 5% CO 2 . Proliferation was evaluated by the microscopic counting of individual colonies (average of four experiments).
Construction and screening of cDNA libraries
The poly(A) + RNA prepared from v-RelER-transformed BM cells was copied into cDNAs and cloned into the EcoRI or NotI site of lambda ZAPII vector (Stratagene). Two subtraction cDNA libraries were prepared: one enriched for v-RelER-induced sequences (library I), and the other enriched for the sequences downregulated by vRelER (library II). In vitro excision of single-stranded Bluescript phagemids containing cDNA inserts, biotinylation and subtractions were performed as described (Schweinfest et al., 1990) . Following subtractive hybridization, the phagemids were transfected into E. coli XL1-Blue cells (Stratagene) . Approximately 600 ± 700 bacterial colonies were obtained as a result of each subtraction. Bacterial clones were tested by dierential Northern hybridization with cellular RNAs and subjected to sequence analysis. DNA sequencing of double-stranded plasmid templates was performed using Sequenase kit (USB). At least 400 bp of each clone were sequenced to determine homologies. Nucleotide sequences were analysed using Blast database search programs (NCBI).
Northern blot hybridization
RNAs prepared using acid guanidinium thiocyanatephenol extraction procedure (Chomczynski and Sacchi, 1987) were separated on formaldehyde-agarose gels and blotted onto the Hybond-N nylon membranes (Amersham). Hybridization probes were derived by pcr ampli®cation of the cloned full-length cDNAs encoding MIP-1b, cTCA, Sca-2, CAP-23 and PP2A; partial cDNAs for ARP, eIF-2a, NAP-1, ODC-Az and Stat-1, including the corresponding coding and 3'-untranslated regions; a 2.5 kb long NF-kB1 cDNA (clone 256) that lacks the 5' rel-homology region. Other hybridization probes included v-rel in the plasmid pBSrelCS (Morrison et al., 1991) ; crel in the plasmid pBSc-Rel (Abaddie et al., 1993); c-myb in the plasmid pneoCCC (kindly provided by Dr J Lipsick); MHC class I cDNA clone B-F12aF10 ; MHC class II cDNA clone BLBbII (kindly provided by Dr Ch Auray); NF-kB1, NF-kB2 and RelB cDNAs were kindly provided by Dr TD Gilmore; IkBa cDNA was kindly provided by Dr IM Verma.
Representative Northern blots were quanti®ed using Ultroscan laser densitometer (LKB). The levels were normalized to the density of hybridization of the serial dilutions of the corresponding cDNA plasmids run in parallel with the RNA samples. Expression levels of c-Rel, v-Rel, NF-kB1 and Stat-1 in transformed hematopoietic cell lines were veri®ed by immunoblot analysis using the corresponding antibodies.
Western blot analysis
Protein extracts for Western blot analysis were prepared as described (Morrison et al., 1991) . The antibodies used were SB66 Rel-speci®c polyclonal antibody , a polyclonal anti-avian NF-kB1 antibody (kindly provided by Dr HR Bose), and anti-Stat1 mAb (Transduction Laboratories).
Accession numbers
The sequences described have the following GenBank accession numbers: clone 4, L34553; clone 80, L34554; clone 391, L34552.
